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Hz-1 virusHorizontal gene transfer, the movement of genetic materials across the normal mating barriers between or-
ganisms occurs frequently and contributes signiﬁcantly to the evolution of both eukaryotic and prokaryotic
genomes. However, few concurrent transfers of functionally related genes implemented in a pathway from
eukaryotes to prokaryotes are observed. Here, we did phylogenetic analyses to support that the genes, i.e.
dihydrofolate reductase, glycine hydroxymethyltransferase, and thymidylate synthase involved in thymidy-
late metabolism, in Hz-1 virus were obtained from insect genome recently by independent horizontal gene
transfers. In addition, ﬁve other related genes in nucleotide metabolism show evidences of horizontal gene
transfers. These genes demonstrate similar expression pattern, and they may have formatted a functionally
related pathway (e.g. thymidylate synthesis, and DNA replication) in Hz-1 virus. In conclusion, we provide
an example of horizontal gene transfer of functionally related genes in a pathway to prokaryote from
eukaryote.netic Resources and Evolution,
nces, Kunming, 650223, China.
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Horizontal gene transfer, themovement of geneticmaterials across
the normal mating barriers between organisms, occurs frequently and
has contributed signiﬁcantly to the evolution of both eukaryotic and
prokaryotic genomes [1–4]. Transfers occurring from a eukaryote to
a prokaryote, however, have been seldom described, and the concur-
rent transfer of functionally related genes, e.g. genes involved in a
pathway, is even more rare [1]. Here, we demonstrate through phylo-
genetic analyses that the genes encoding dihydrofolate reductase, gly-
cine hydroxymethyltransferase, and thymidylate synthase, which are
all involved in thymidinemetabolism, have been recently horizontally
transferred to the Hz-1 virus genome from an insect genome.
The Hz-1 virus was originally isolated from the IMC-Hz-1 cell line
where it could be cultured as a persistent infection [5]. The IMC-Hz-1
cell line was derived from adult ovarian tissues of Heliothis zea, an in-
sect species that is a major agricultural pest as its larval stage can feed
on many different plant species. The Hz-1 virus can induce both per-
sistent and productive infections in cell lines derived from several dif-
ferent lepidopteran insect species. The genome of the Hz-1 virus
encodes several proteins that are homologous with previous identi-
ﬁed enzymes involved in the closely linked processes of nucleic acid
and hydrofolate metabolism [6]. An example is the thymidylate
synthase enzyme (EC 2.1.1.45) that is used to generate thymidinemonophosphate (dTMP) from the substrates deoxyuridine monopho-
sphate (dUMP) and N5, N10-methylene tetrahydrofolate yielding
dihydrofolate as a secondary product. dTMP is subsequently phos-
phorylated to become thymidine triphosphate and use in DNA syn-
thesis and repair. A previous study has shown that the thymidylate
synthase gene in Hz-1 virus was captured from its lepidopteran host
by horizontal gene transfer [7]. Other enzymes involved in this
same metabolic pathway include glycine hydroxymethyltransferase
(EC 2.1.2.1), which catalyzes the chemical reaction transition be-
tween 5, 10-methylenetetrahydrofolate and tetrahydrofolate, dihy-
drofolate reductase (EC 1.5.1.3), which reduces dihydrofolic acid to
tetrahydrofolic acid, and dUTP pyrophosphatase (dUTPase), which
cleaves the alpha-beta phosphodiester bonds of dUTP to form pyro-
phosphate and dUMP (see Fig. 1A). The genes for these enzymes are
also found in both the Hz-1 virus and insect genomes, and here we
examine the origin of the genes in the virus genome.
2. Materials and methods
Annotated protein sequences from a series of animals including
insects, worms, and vertebrates were collected from Ensembl. Protein
sequences from the Hz-1 virus genome were downloaded from NCBI
and BLASTp [8] against animal proteins with E-value scores below
10−10. A total of 15 Hz-1 virus proteins were found to have homologs
in the genomes examined. The protein sequences of these 15 Hz-1
virus genes were used as queries for BLASTp searches against
the non-redundant database in NCBI to retrieve homologs from
other species (the sequence of dihydrofolate reductase from
Bombyx mori was not found in NCBI, we retrieved it from SilkDB [9],
Fig. 1. A) The metabolic pathway of four enzymes involved in the thymidylate metabolism. Maximum likelihood trees for: B) dihydrofolate reductase, C) glycine hydroxymethyl-
transferase and D) thymidylate synthase. Hz-1 virus (Heliothis zea virus 1) sequences are indicated in red, while sequences from other viruses are indicated in green.
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gous geneswere alignedwith CLUSTALX 1.83 [10].Maximum likelihood
trees were constructed by PHYMLwith the Jones-Taylor-Thornton sub-
stitution model+4 G (four categories of Gamma substitution rates)+I
(invariable sites) model, and bootstrappedwith 100 replicates [11]. The
rates of synonymous (dS) and nonsynonymous (dN) substitutions be-
tween the Hz-1 virus and insect genes were calculated by the modiﬁed
Nei-Gojobori Method with the p-distances [12].
3. Results and discussion
We conducted phylogenetic analyses on Hz-1 virus enzymes in-
volved in the pathway for thymidine and hydrofolate metabolism
(Fig. 1A) using protein sequences that included a wide taxonomic
range of animals. The phylogenetic trees for dihydrofolate reductase,
glycine hydroxymethyltransferase and thymidylate synthase each
showed a strong clustering of sequences from the Hz-1 virus with ho-
mologs from the insect Heliothis virescens or Bombyx mori (an insect
closely related to Heliothis) (Figs. 1B, C, D). The clustering of the Hz-1virus and the insect sequences were supported by high bootstrap
values. These phylogenetic data are suggestive that the gene transfers
were recent events. The direction of transfer was from an insect to
the virus, because the reversed transfer from virus to insect can-
not produce the genes in other animals, e.g. Drosophila, Danio rerio,
and Caenorhabditis. These three genes are not physically linked in the
Hz-1 virus or the Bombyx mori genomes, suggesting that they were
transferred independently and not due to one gene transfer event.
Since the Hz-1 virus genes lack introns, while the insect genes posses
them suggests that the transfer was via the insertion of reverse tran-
scription of mRNA from the insect genes. Our phylogenetic analyses
also suggest that additional horizontal gene transfer events have oc-
curred independently to other viruses. For example, the Saimiriine
herpesvirus is suggested to have obtained genes for dihydrofolate reduc-
tase and thymidylate synthase from a vertebrate genome (Figs. 1B, D).
To assess whether the dihydrofolate reductase, glycine hydroxy-
methyltransferase and thymidylate synthase genes were functional in
the Hz-1 virus we computed the synonymous (dS) and nonsynonymous
(dN) substitution rates, and the ratio dN/dS for these three genes
Fig. 2. The synonymous (dS) and nonsynonymous (dN) substitution rates, and the ratio
dN/dS for the three genes between Hz-1 virus and insect (i.e. Bombyx mori) sequences
are presented.
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values for the dihydrofolate reductase, glycine hydroxymethyltransferase
and thymidylate synthase genes are 0.513, 0.253, and 0.273, respectively,
indicating that negative selection is acting on these genes. The demon-
stration that selective constraints are operating on these genes supports
the conclusion that these genes are functional in the Hz-1 virus.
Previous studies have demonstrated that the dUTPase gene has
been horizontally transferred between eukaryotes and viruses
[13,14] and our phylogenetic analysis supports this transfer event
(Supplementary Fig. 1). In addition, phylogenetic evidences for the
origin by horizontal gene transfer of some other nucleotide metabo-
lism genes, such as methyl transferase (Supplementary Fig. 2), DNA
ligase III (Supplementary Fig. 3), ribonucleotide reductase small sub-
unit (Supplementary Fig. 4), and ribonucleotide reductase large sub-
unit (Supplementary Fig. 5) were found. These observations are
consistent with previous reports of transfer events between animals
and viruses occurring for these genes [14–16]. The phylogenies for
these genes suggest that compared with the dihydrofolate reductase,
glycine hydroxymethyltransferase and thymidylate synthase gene
transfer events, that these transfer events are even more ancient.
Hz-1 viral genes have been grouped into 6 groups by Lo [17] based
on their gene expression proﬁles during productive infection. DNA
polymerase, thymidylate synthase, ribonucleotide reductase small
subunit, ribonucleotide reductase large subunit, dUTP pyrophospha-
tase, glycine hydroxymethyltransferase, methyl transferase belong
to group E, and share continuous high expression levels at the 8–20
hour stage after infection. Dihydrofolate reductase and DNA-
directed RNA polymerase belong to group C, with peak expression
at 4 or 8 hours, and have continuous high expression 16–24 hours
after infection [17]. The expression data are in accord with related
functions of these transferred genes, as coordinated expression indi-
cates that they may be functionally related in the pathway for nucle-
otide metabolism (e.g. thymidylate synthesis) and DNA replication in
the Hz-1 virus. These three genes likely play an important role in the
replication of the Hz-1 virus during infection.4. Conclusions
In conclusion, here we show an example of the horizontal gene
transfer from eukaryote to prokaryote of functional related genes in
a metabolic pathway. The independently transferred genes are func-
tional in the Hz-1 virus, and likely have a profound contribution to
thymidylate synthesis and DNA replication in Hz-1 virus.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ygeno.2011.08.006.
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